We have studied the resistance of cytosine methylated DNA to digestion by the restriction endonuclease Hlnft, using a simple PCR procedure to synthesize DNA of known sequence In which every cytosine is methylated at the 5 position. We find that H/nfl cannot digest cytosine methylated DNA at the concentrations normally used in restriction digests. Complete digestion is possible using a vast excess of enzyme; under these conditions, the rate of H/nfl digestion for cytosine methylated DNA is at least 1440-fold slower than for unmethylated DNA. The presence of an additional methylated cytosine at the degenerate position internal to the recognition sequence does not appear to increase the resistance to Hinft digestion. We also tested HhaW, an isoschizomer of H/nfl, and found that it is completely inactive on cytosine methylated DNA. The procedure we have used should be of general applicability in determination of the methylation sensitivities of other restlction enzymes, as well as studies of the effects of methylation on gene expression in direct DNA transfer experiments.
INTRODUCTION
Many restriction endonucleases have been shown to be incapable of digesting DNA if a cytosine residue within the recognition sequence is methylated at the 5 carbon atom of the pyrimidine ring (reviewed in ref. 1) . The effect of 5-methylation of cytosine residues on restriction enzyme activity has been previously studied using hemimethylated 0X174 DNA synthesized in vitro (2) , or using bacteriophage XP12 DNA in which every cytosine is replaced by 5-methylcytosine (m'C; ref. 3) . The restriction endonuclease Hinfl recognizes the sequence GANTC (reviewed in ref. 4 ) and has been shown to completely digest hemimethylated 0X174 DNA (2) . Further, it appears that Hinfl will also digest the fully methylated DNA from phage XP12, although at a rate that is 10 times slower than an unmethylated substrate DNA (1, 3) . However, because the sequence of XP12 is not known, and there is no m'C-insensitive isoschizomer of Hinfl, it is not possible to determine if the XP12 DNA is completely digested, or whether there are some Hinfl sites within the XP12 sequence that remain undigested. 5-methylation of cytosines is frequent in many higher eukaryotes, and is often correlated with the inactivation of genes, or of transposable elements (reviewed in ref. 5) . It has been shown that the inactivation of the Mul transposon in maize correlates with resistance of the transposon sequence to Hinfl digestion (6, 7, 8) , suggesting that either Hinfl will not digest certain sequences containing m 5 C, or that the modified base is other than m 5 C, for example 6-methyladenine (m 6 A; ref. 1). For these reasons it is of interest to test the activity of Hinfl on a cytosine methylated substrate of known DNA sequence.
MATERIALS AND METHODS
Enzymes. Hinfl was obtained from Promega Corporation (Madison, WI, U.S.A.) and was supplied at a concentration of 50 units/fil where 1 unit is defined as the amount of enzyme required to completely digest 1 fig of phage X DNA in 1 hour at 37 °C. HhaR was a gift of Dr. Hamilton Smith (Johns Hopkins University), and was supplied at a concentration of 1000 units//tl. SOM3AI and Mbol were purchased from New England Biolabs (Beverly, MA, U.S.A.).
Synthesis of substrate DNA. The plasmid pUC19 (9) was used as the template for synthesis by the Polymerase Chain Reaction (PCR; ref. 10). Two 20 bp oligonucleotides L(5'CTGC-AGGCATGCAAGCTTGG3') and R (5'CTCGCCTTGAT-CGTTGGGAA3') at positions 435-454 and 1995-2014 respectively of the pUC19 sequence (9) were used to amplify a 1.58 kbp sequence (Fig. 1) . The pUC19 plasmid was linearized by BamHI digestion and approximately 0.1 to 40 ng linear pUC19 DNA (see below) was used in a 100 yX reaction containing a standard buffer of 50 mM KC1, 10 mM Tris HC1 pH 8.3, 1.5 mM MgCl 2 , 0.01 % gelatin with 0.4 /iM of each primer and 0.8 units of AmpliTaq polymerase (Perkin-Elmer). Deoxyribonucleotide triphosphates dATP, dGTP, dTTP and dCTP or dm 5 CTP were purchased from Boehringer Mannheim Biochemicals, and used at a final concentration of 0.2 mM. The reaction conditions for PCR synthesis were 95°C 40", 63°C 2', 72°C 5' (see below) for 20 cycles. Amplification of template DNA using dm 5 CTP instead of dCTP was inefficient and * To whom correspondence should be addressed required several modifications to synthesize larger quantities of DNA. First, a large amount of input template was used; i.e. 40 ng per reaction, as compared to 0.1 to 0.5 ng for a standard reaction. Second, an extension time of at least 5 min was required for significant accumulation of product. Yield of the amplified product was decreased when larger amounts of Taq polymerase or greater concentrations of nucleotides were used, aldiough the parameters for maximum efficiency of amplification have not been extensively studied. In addition a time course experiment showed that, in reactions with m 5 C, increasing the number of cycles does not lead to a corresponding increase of product. For the above reaction maximum yield of specific product was obtained between 15 and 20 cycles and a greater number of cycles caused increased amounts of non-specific products (not shown). Attempts to amplify the entire 2.7 kbp pUC19 sequence using appropriate primers were not successful, suggesting that there may be an upper limit to the length of the methylated DNA that can be synthesized. For the synthesis of 'demethylated' DNA, 0.1 ng of the methylated product was used in a standard PCR reaction with unmethylated cytosine. The input 1.58 kb methylated DNA was first eluted from an agarose gel to avoid contaminating unmethylated 2.7 kb template from die original amplification. Methylated template appeared to amplify as efficiently as unmethylated template.
Conditions for restriction digests. Three types of PCR derived DNA were used in restriction reactions: i) unmethylated DNA from a PCR synthesis with unmethylated nucleotides, ii) methylated product which incorporated 5-methylcytosine in the synthesis and iii) 'demethylated' DNA, where methylated DNA was used as template and unmethylated cytosine was used in the synthesis. Approximately 50 ng of each type of DNA was used in each restriction digest. For Sow3AI and Mbol, 6-8 units of enzyme were used in each reaction for 2 h representing a 240 to 320 fold overdigestion. In the Hinfl and HhaU digestions 50 ng of DNA was digested with 2 units of enzyme for 2.5 h ('100-fold overdigestion'), or 40 units for 5 h ('4000-fold overdigestion'), or 80 units for 10 h ('16,000-fold overdigestion'). All digestions were performed in a 20 y\ volume of a standard buffer of 100 mM NaCl, 10 mM Tris pH 7.4, 10 mM MgCl 2 , 5 mM 2-mercaptoethanol and 100 mg/ml bovine serum albumin at 37 °C. Dilutions of the enzyme stocks were performed in the reaction buffer.
RESULTS
To verify that the PCR reaction using dm 5 CTP produced a pUC19 sequence in which C was replaced by m 5 C, we digested the PCR product with Sa«3A which is sensitive to m 5 C methylation of its GATC recognition sequence and with Mbol, an isoschizomer of Sau3A which is not affected by m 5 C methylation (1, 4) . If the 1580 bp PCR product is digested by Saulk or Mbol, we expect to see disappearance of the 1580 bp DNA fragment and the appearance of a 939 bp fragment and several smaller fragments. As shown in Fig. 2 , the methylated DNA (lane 4) was completely resistant to Saul A digestion (lane 5) but not to Mbol digestion (lane 6). The unmethylated DNA synthesized using normal dCTP (lane 1) was digested by both enzymes (lanes 2 and 3) . This confirmed that the Taq polymerase incorporated the methylated cytosine nucleotides correctly into the DNA.
We then repeated the enzyme digestions using the same substrates and the enzyme Hinfl, or the isoschizomer HhaU (4). Both Hinfl and HhaU are sensitive to m 6 A, and the corresponding specific adenine methylase has been identified for enzyme (lanes 2-4) . By contrast, the methylated substrate was completely resistant to Hinfl digestion under the same conditions (lane 6). We then further increased the amounts of enzyme and the time of digestion in order to determine the extent of resistance of the rrr'C pUC19 DNA to Hinfl. We were able to get partial digestion at 4000-fold overdigestion with Hinfl (lane 7) but not with HhaU Qane 9), and complete digestion at 16000-fold overdigestion with Hinfl (lane 8); HhaU digestion at the latter concentration resulted in non-specific degradation presumably due to star activity (not shown). A comparison of lanes 7 and 8 in Fig. 3 shows that one of the final products of Hinfl digestion, a 319 bp fragment, is overrepresented in the partial digest suggesting that the corresponding methylated site is less resistant to Hinfl (see Discussion). To rule out the possibility of mutations in the methylated PCR product that could be errors generated by the Taq polymerase (10), we re-amplified the methylated PCR product using normal dCTP. This 'de-methylated' substrate was then digested with Hinfl and HhaU. As seen in Fig. 3 (lanes 10  and 11) , both Hinfl and HhaU are able to digest this DNA under conditions of 100-fold overdigestion, making it unlikely that the resistance of the methylated substrate was due to mutations introduced by the Taq polymerase.
The rates of Hinfl digestion of methylated and unmethylated DNA were estimated for the highest enzyme:substrate ratio used, i.e. 80 units of enzyme/50 ng DNA (Fig. 4) . For cytosine methylated DNA we estimate that, after 4 hours of incubation, more than one half of the Hinfl restriction sites are cleaved (Fig.  4A,lane 3) . For estimating the rate of digestion of unmethylated DNA under the same conditions, the Hinfl enzyme was preincubated at 37° for 4 hours in the reaction mixture without DNA in order to approximate the activity of the enzyme at the point of the methylated DNA restriction where the reaction is more than 50% complete. Under these conditions the unmethylated DNA is digested very quickly, with more than one half of the Hinfl sites restricted in less than 10 seconds. While a precise estimation of the rate of digestion of unmethylated DNA for this extremely high enzyme-substrate ratio cannot be easily made, it is apparent that the amount of digestion of unmethylated DNA in 10 seconds is greater than the amount of digestion of cytosine methylated DNA in 4 hours (14,400 seconds) i.e., the rate of digestion for cytosine methylated DNA is at least 1440 times slower than that for unmethylated DNA. 
DISCUSSION
We have shown that it is possible to synthesize long (1.58 kbp) DNA sequences in which nfiC is substituted for C, and that they are correctly discriminated by the isoschizomers SauiA and Mbo\. There is no detectable digestion of m'C pUC19 by Hinfl at 100-fold excess, and complete digestion is achieved only at 16000-fold excess. A comparison of the rates of digestion for the methylated and unmethylated substrates at the highest enzymesubstrate ratio used suggested that Hinfl digests cytosine methylated DNA at a rate that is more than 1440 times slower than the rate for unmethylated DNA. We did not observe significant star activity of Hinfl under our reaction conditions even in the most extreme overdigestion i.e. 10 hour incubation with a Hinfl concentration of 4 units//il, 4% glycerol and 100 mM NaCl. Under these conditions very little star activity is observed in assays using human genomic DNA (11) .
At an intermediate level of digestion (4000-fold excess) we are able to visualize partial products (Fig. 3, lane 7) , which are of interest in the determination of relative sensitivities of the different Hinfl sites. The sizes of the major DNA bands in this lane are approximately 1.6 kb, 1.3 kb, and 0.32 kb, representing the full length DNA and partial digestion at a terminal Hinfl site (site E in Fig. 1 ). The presence of the 1.3 kb product and absence of any visible 1.4 kb, 1.1 kb, or 0.2 kb bands suggests that site E is favoured over the other terminal site, site A. A comparison of sites A and E shows that site E includes a C at the internal degenerate position of the GANTC recognition sequence, while site A does not (Figure 1 ). Thus the presence of an additional m 5 C within the GANTm 5 C sequence does not increase the resistance of site A over site E. Further, an examination of the flanking DNA shows that site E is flanked by G-C rich sequences on both sides, while site A is flanked by an A-T rich sequence on one side and a G-C rich sequence on the other side. Therefore the presence of flanking ir^C residues also does not account for the increased resistance of site A over site £. There are two minor products in the partial digest (Fig. 3, lane 7) of sizes 0.8 kb and 0.5 kb approximately. These are likely to be due to further digestion of the 1.3 kb partial product at site D, which also contains an internal m 5 C at the N position of GANTC (Fig. 1) , again confirming that methylation of this C does not confer increased resistance to Hinfl. We conclude that the reason for the differential sensitivities of the Hinfl sites is not obviously related to m 5 C methylation, but is due to other effects of the flanking DNA sequences. To summarize, 5-methylation of the terminal C in GANTC increases (by over 1440-fold) the resistance to digestion by Hinfl, but GAm 5 CTm 5 C is not more resistant than GAATm 5 C, as might be expected if the enzyme does not interact with the residue at the degenerate N position of GANTC. We find similarly that the synthetic m 5 C DNA is also resistant to specific cleavage by HhaU, the isoschizomer of Hinfl; however, in the case of HhaU, this resistance could not be overcome by increasing the extent of digestion. Therefore 5-methylation of the final C in GANTC absolutely interferes with its interaction with HhaU.
The above procedure for assaying the effects of n^C methylation on restriction enzyme activity should be of general applicability. It has advantages over the use of XP12 DNA in that (i) the sequence of the methylated DNA is known, as are the sizes of the predicted restriction fragments (ii) Any sequence can be methylated in the context of its flanking DNA and (iii) the preparation of the methylated DNA is quick and easy. This method also has advantages over the use of synthetic methylated oligonucleotides in two respects. Firstly, the same methylated DNA can be used to test a large number of different restriction enzymes. For example, the 1.540 kbp cytosine methylated pUC 19 sequence that we have synthesized using PCR contains recognition sequences for over 66 different restriction enzymes, not including isoschizomers (9) . Secondly, prior knowledge of the recognition sequence of a restriction enzyme is not required for testing its sensitivity to methylation; it is only necessary than the enzyme can cleave the unmethylated substrate at least once. The same PCR procedure can also be used in principle to generate methylated sequences for studies on the effects of methylation on gene regulation in direct DNA transfer experiments (11, 12) .
